Abstract-After Large Hadron Collider will be turned OFF, a new, more energetic machine will be needed in order to explore unknown regions of the high-energy physics. For this reason, the project Future Circular Collider (FCC) has started, with the goal of developing a 100-km-circumference collider of 50 TeV proton beams. The Eurocircol collaboration is part of the FCC study under the European Community leadership, and it aims to develop a conceptual design of FCC till 2019. One of the main targets is to design a bending dipole able to reach 16 T operation magnetic field, in order to accomplish the size and energy constraints. Such a magnetic field can be reached using Nb3Sn conductors. One option under exploration is the Cosθ dipole, by INFN of Milano and Genova. Because of the high stored energy and the large current densities due to the conductor performances, quench protection is one of the most challenging aspects of the design. In this paper, the quench protection of the cosθ design is presented. A standard quench protection study is accompanied by a less conservative study which includes ac effects on the power dissipation inside the coils and on the magnet inductance, in order to not exclude preventively more convenient designs, and to develop a more performing magnet as possible.
I. INTRODUCTION
T HE Large Hadron Collider (LHC) at CERN has produced proton-proton collisions up to 8 TeV centre-of-mass energy in the period 2010-2013, and it reached 14 TeV in 2015-2016. After 2021, a luminosity upgrade is foreseen, named High Luminosity LHC (HL-LHC), after that the machine will be turned off. Then, new, more energetic particle accelerators will be needed in order to explore unknown regions of the high-energy physics. In this scenario, the project Future Circular Collider (FCC) [1] has started at CERN. Its goal is to B. Caiffi, P. Fabbricatore, and S. Farinon are with the INFNGenova, Genova 16146, Italy (e-mail: barbara.caiffi@ge.infn.it; pasquale. fabbricatore@ge.infn.it; stefania.farinon@ge.infn.it).
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Digital Object Identifier 10.1109/TASC.2017.2656156 develop three machines in a 100 km tunnel under the CERN site: an electron-electron collider (FCC-ee), an electron-proton collider (FCC-he) and a proton-proton collider (FCC-hh). In particular, the last one would be a machine able to produce proton collisions with 100 TeV centre-of-mass energy. In order to reach this target in a 100 km machine, the development of 16 T bending dipoles is needed. The EuroCirCol [2] collaboration has started in 2015. It is part of the FCC project, under the European Community leadership, and it aims to develop a conceptual design of the machine within 2019. One of the goals is to develop a superconducting 16 T bending dipole [3] . The material chosen for the development is Nb 3 Sn, because NbTi (which is the most used material for accelerator magnets) is limited to smaller magnetic fields. First Nb 3 Sn accelerator magnets will be inserted in the HiLumi-LHC, producing 10-12 T magnetic field, therefore the design and development of the FCC bending dipoles is one of the most challenging aspects. Three magnetic layouts have been explored by the EuroCirCol collaboration: a common-coil design [4] , a block-coil design [5] , and a cosθ design [6] , [7] .
In this paper, the quench protection of the cosθ option is discussed and studied in deep. A first protection study has been already performed within the EuroCirCol collaboration [8] , [9] , aiming to compare the three layouts with simple assumptions. Instead, in this paper, a more complete study is presented, focusing on the cosθ layout: a first protection scheme based on quench heaters is presented; the computation of the hot spot temperature is performed using nominal parameters, and it is accompanied also by a parametric study; moreover, this protection study is done using new electromagnetic models, developed for the HiLumi-LHC low-β quadrupoles protection, which take into consideration the AC dynamic effects on the magnet inductance [10] , [11] .
II. THE COSθ LAYOUT
In Fig. 1 , the cross section of the cosθ layout is showed. Table I reports the main parameters of the magnet, Table II reports the conductor features. It can be seen that the magnet is composed of four layers, assembled as two classic double-pancakes. Two conductors are used, one for layer 1 and 2 (HF conductor), one for layer 3 and 4 (LF conductor), supplied together with the same current. More details on the electro-magnetic and mechanical design can be found in [7] .
In Fig. 2 , the MIITs-T curve (at operating current) of the two conductors is represented, following the adiabatic approximation:
where T 0 is the operating temperature, A is the conductor area, γ is the mass density, C p is the specific heat, and is the electrical resistivity. The material properties used for the computation are from the MATPRO database [12] . As it could be expected, the most critical conductor is the LF one (see in Fig. 2 that it has less available MIITs), therefore the protection study presented here will focus on it.
III. PROTECTION HEATERS DESIGN
The quench protection heaters were designed considering the present state-of-the-art trace-based heater technology, which is used also in the HL-LHC inner triplet quadrupoles [11] - [13] . The heater strips are 25μm thick stainless steel strips glued on a 75μm thick layer of polyimide. The insulation thickness is increased by 50% from the HL-LHC quadrupole to account for the higher voltages.
A. Heater Layout
It is assumed that the two double-pancakes in cosθ are reacted separately, allowing placing of heaters on the surface of each coil layer. Based on simulations it was necessary to cover a large fraction of the coil surface to provoke a sufficiently wide normal zone in the coil. Fig. 3 shows the approximate locations of the heater strips, that cover 70% of the coil turns.
Each heater strip is 14.3-m-long, and is based on heating stations. The heating station length is 5 cm in each strip and 25 cm long copper plated segment serves as a low-resistance bridge between them (see Fig. 4 ). The strips however have different widths as detailed in Table III .
B. Heater Powering
For powering the heater strips in each half-coil are connected into three circuits. The circuits have 2, 3 or 6 identical strips connected in parallel to a Heater Firing Unit (HFU) with 
C. Simulated Heater Delays
The heater delays were simulated using the 2-D heat diffusion model CohDA [14] . Fig. 5 shows the delays as a function of magnetic field at 105% of operation current for the different considered heater powers and cables.
IV. NOMINAL PROTECTION STUDY
The main goal of this protection study is to maintain the hot spot temperature (the temperature of the zone where the quench begins) within a certain level of safety. In this paper, the maximum allowed temperature will be considered as 350 K. This number comes from the HiLumi-LHC experience with Nb 3 Sn [15] . The presented study is based on a 3D simulation (transversal and longitudinal propagation).
The quench protection system presented here is based on the quench heaters discussed in Section III. Table IV shows the other parameters used for the computation.
While the quench develops and the consequent resistance rises up, a growing with time resistive voltage appears between the ends of the magnet. This voltage can be therefore measured and used in order to detect a quench. The voltage threshold is the value beyond which a quench is considered detected. However, superconductivity has for its own nature instabilities (flux jump) which cause voltage peaks; for this reason, after a quench is detected, it needs to be validated: the voltage has to stay over the threshold for a certain time, called validation time. Only after that, the quench protection system is activated. Therefore, the choice of the voltage threshold and of the validation time has to be done with care: these two parameters have to be low enough in order to reduce the MIITs developed during detection and validation, but large enough in order to avoid false quench triggering due to superconductor flux jumps.
Presence of dump resistor is not foreseen: as it can be seen in Table I , this magnet has large inductance and large stored energy, therefore the amount of energy that could be extracted in an external resistance would be negligible, just adding a complication for the voltage study. In fact, considering a maximum voltage between the magnet ends of 1000 V, it can be obtained a dump resistor of 90 mΩ, and a decay time constant of 3 s.
The analysis has been performed using QLASA [16] , making the following assumptions:
1) The quench begins in the high field zone of the layer 3 (pole turn). 2) The hot spot temperature is computed with adiabatic assumptions, following the computation showed in Fig. 2 . 3) Material properties are from MATPRO [12] 4) The protection heaters delay time has been computed using CoHDA [14] , following the scheme showed in Section III. Average values are used for the high-field and low-field zones of each layer. 5) The quench is induced by heaters only in the turns covered by them; then, transversal propagation is taken into account. 6) The quench is induced by heaters only under heating stations; then, longitudinal propagation is taken into account, while pre-heating coming from the heater copper sections is neglected. 7) The differential inductance of the magnet is computed considering the dynamic effects of inter-filament coupling currents on it; details on the model implemented in QLASA can be found in [10] and [17] . 8) Inter-layer quench propagation is neglected. 9) Quench back is neglected. 10) Computation is performed at 105% of the operating current. The experimental validation of QLASA using similar assumptions can be found in [11] . Table V shows the resulting hot spot temperature and MIITs, comparing the nominal scenario with a computation done neglecting the AC dynamic effects on the inductance.
It is easy to note that, according to the nominal scenario, the magnet can be considered protected, also with a margin of about 20 K on the maximum allowed temperature of 350 K. It is interesting to consider, too, that neglecting the effect of coupling currents on the magnet inductance, the protection of this magnet would be considered very hard to achieve, because the temperature rises of about 25 K, and it goes slightly over the maximum allowed. The last column refers to another simulation performed with another quench simulation software, named Coodi [18] . This code uses constant propagation velocities (set at 20 m/s for the longitudinal propagation, at 10 cm/s for the transversal propagation), and material properties from the NIST database [19] ; dynamic effects on the inductance are not included. It can be seen that, despite the larger amount of MIITs produced during the decay respect to the other cases, the hot spot temperature is lower, and within the limit of 350 K. This result shows that the choice of material properties strongly affects the protection study.
At this stage of the design, the analysis of heater failure scenarios has not been yet performed. It will be needed in future studies in order to ensure the protection redundancy.
V. PARAMETRIC STUDY
In this section, a parametric study is presented, varying between reasonable values the most relevant parameters of the protection system and of the conductors. This study aims to show the direction to take for the future electromagnetic design upgrades of this magnet, in order to take the quench protection under control, or even to improve it, and to see how to eventually improve the protection parameters. The assumptions made are the same discussed in Section IV.
A. Voltage Threshold and Validation Time Dependence
In Fig. 6 -left, the dependence of the temperature on the voltage threshold is showed, while in Fig. 6 -right the dependence on the validation time is represented. The other parameters have been taken as the nominal ones. It can be seen that the temperature does not strongly depends on the threshold, while the validation time has to be chosen with care, because every millisecond costs about 5 K.
B. Copper RRR Dependence
The RRR is defined as the ratio between the resistivity at room temperature and the resistivity at 10 K. A high RRR means that the copper is pure, and that its resistance at cold is low. Typically, a large RRR in the initial quench zone helps to maintain the hot spot temperature, because the current dissipates less heat because of the Joule effect, being the resistance of the zone minor. Fig. 7 shows the dependence of hot spot temperature on the RRR of HF and LF conductor respectively.
It can be noted that the higher is the LF conductor RRR, the lower is the hot spot temperature, such as just explained. Nevertheless, for the HF conductor the behavior is opposite: this is due to the fact that the resistance developed by quench heaters is less with larger RRR, therefore the magnet resistance developed by quench heaters is minor, and the current decay is slower. By the way, the dependence on RRR is light in both the cases; in fact a difference of 50 in RRR appears between 2 and 5 K, meaning that the RRR does not impact effectively the protection. However the choice of the RRR has to be done considering also the conductor stability.
C. Cu/NCu Dependence
The Cu/NCu is the ratio between the copper and the other material fractions within the strand. A large content of copper is usually preferable for the protection, because it reduces the copper current density and the heat dissipation; however, it decreases the margin on the load-line. Fig. 8 shows the hot spot temperature dependence on the Cu/NCu of HF and LF conductor respectively.
Also in this case, the behaviours are opposite: for the HF conductor, a larger amount of copper means that the resistance induced by heaters is lower, therefore hot spot temperature is larger: in fact, the current decays slower since the quench resistance induced by heaters is minor, and more MIITs are produced; instead, for the LF conductor, a larger amount of copper means that the initial quench zone warms slower, therefore the hot spot temperature decreases, because less heat is generated by Joule effect in the original quench zone. In conclusion, the amount of copper has to be chosen with care, and with a good tolerance: in fact, every 0.1 costs 5-10 K in terms of hot spot temperature.
VI. CONCLUSIONS
In this paper, the quench protection study of the Eurocircol cosθ dipole for FCC is presented. The protection is based on quench heaters, which have been designed with realistic assumptions. The nominal protection computation has been performed, showing that the hot spot temperature of the magnet can be maintained under control, within the safe value of 350 K. In particular, the use of novel electromagnetic models which simulate the effect of inter-filament coupling currents on magnet inductance helps to design more performing magnets. However, in case of failure of the protection system, the redundancy could be hardly achieved. However, since this magnet is in the first design phase, and the configuration will be upgraded, this protection scheme can be considered satisfying, showing that this magnet can be protected.
Moreover, a parametric study has been performed, showing the dependence of the hot spot temperature on the main protection and conductor parameters. This work shows that the temperature depends in particular on the Cu/NCu of the two conductors and on the validation time, while it is slightly dependent on the RRR and on the voltage threshold. This study can be useful for future upgrades of the electro-magnetic design. In future studies, the analysis of failure scenarios will be carried on, in order to ensure the protection redundancy, and the analysis of peak voltages during a quench will be performed.
